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Introduction
Benzene, toluene and xylene are a family of aromatic molecules, shown in figure 1. The addition, and relative position, of methyl groups on the benzene ring affects both the size and shape of the molecule as well as its polarity. Benzene and p-xylene are apolar, whereas toluene and o-xylene have dipole moments of 0.36 and 0.64 Debye, respectively. 1 These small differences between the molecules have a noticeable effect on their properties and behaviour.
Figure 1. Molecular structures of benzene, toluene, p-xylene and o-xylene.
Benzene and its methyl-substituted derivatives are important in a wide range of fields on Earth and in space. On Earth, these molecules are pollutants that are released in anthropogenic emissions from combustion processes and industrial solvents. 2, 3 They contribute to the formation of soot particles, [4] [5] [6] and can also react with other species to form ozone and secondary organic aerosols (SOA). [7] [8] [9] [10] Various methods have been used to control the emission of these small aromatics and one of the most efficient procedures is removal via adsorption onto porous surfaces, including those of a carbonaceous nature. [11] [12] [13] [14] Benzene, toluene and xylene also have importance in various regions of space. For example, benzene has been detected in protoplanetary nebulae 15, 16 and formation routes of toluene and xylene in interstellar clouds have been postulated. 17, 18 Small aromatic molecules are also of interest because of their potential as building blocks of larger polycyclic aromatic hydrocarbons (PAHs). 19 PAHs are ubiquitous in space and are thought to account for up to 20% of the galactic carbon, as well as being intermediates in the formation of carbonaceous dust grains. 20, 21 In the interstellar medium (ISM), icy mantles form on these dust grains at low temperatures (10-20 K) , and hence studying the low temperature adsorption of ices on dust grains provides insight into these processes. Small aromatic molecules, such as benzene, toluene and xylene, are particularly interesting in this regard as they offer a simplified model for studying the adsorption of PAHs in the laboratory.
There have been several experimental studies investigating the behaviour of benzene on surfaces at the very low temperatures relevant to astrochemistry. Temperature programmed desorption (TPD), high resolution electron energy loss spectroscopy (HREELS), metastable impact electron spectroscopy (MIES) and infrared spectroscopy have been utilised to study the structural orientation and desorption of benzene ices. These techniques have demonstrated that on Ru(001) [22] [23] [24] and Mo(100), 24 benzene first chemisorbs before forming three distinct physisorbed phases, including a metastable state at intermediate coverages. In contrast, experiments on Cu(111) identified the formation of a stable bilayer between monolayer and multilayer benzene adsorption. 25 TPD studies of benzene on nonmetallic surfaces gave differing results at low coverages. Benzene adsorbed on highly oriented pyrolytic graphite (HOPG), 26, 27 carbon nanotubes (CNTs) 26 and graphene covered Pt(111) 28 showed well-resolved monolayer desorption peaks. However other work on CNTs, 29 SiO2 30, 31 and graphene coated metal and SiO2 supports 32, 33 shows repulsive interactions between adsorbates at low exposures and a coverage dependent binding energy.
There have been extensive studies on the higher temperature adsorption of benzene, with particular relevance to its application in catalysis, see for example refs [34] [35] [36] . Previous work has also studied the higher temperature adsorption of toluene and xylene on different surfaces including graphite, zeolites and silica-based adsorbents. [37] [38] [39] [40] Less experimental data is available on toluene in the temperature regime (≤ 30 K) relevant to the investigations described here. TPD studies have been performed on graphite, examining the sub-monolayer behaviour of toluene adsorbed at ~ 20 K. 26 Metal surfaces have also been utilised to examine the thermal behaviour of toluene adsorbed on Ru(001) at 120 K. 41 A reflection infrared absorption spectroscopy (RAIRS) study of toluene adsorbed on Ni(111) at 110 K showed that it is weakly adsorbed on the substrate. 42 TPD studies have also been conducted to study xylene adsorbed above 150 K. In particular, p-xylene and o-xylene were adsorbed on Pt(111) 43 and partially deuterated xylene isomers were studied on Ni(111) and Ni(100). 44 No previous RAIRS studies have been reported for xylene. Theoretical studies of the physisorption of methylbenzenes on graphene, using density functional theory with the van der Waals functional (vdW-DF), have calculated adsorption energies for all four molecules. 45 In order to understand the effects of size and polarity on the adsorption and desorption behaviour of benzene, toluene and xylene on HOPG, we have performed a detailed comparative experimental study using RAIRS and TPD. This is the first study to our knowledge that comprehensively examines the adsorption of toluene and xylene isomers on HOPG at very low temperatures, ~30 K. Exposure dependent TPD studies highlight the differences between the desorption behaviours of these molecules. Monolayer and multilayer desorption kinetic parameters, including desorption energies, have been determined for each molecule from the TPD data. RAIRS annealing experiments have also been performed and these provide complementary information concerning the structural ordering of the ices with increasing temperature.
Experimental
Experiments were carried out in two separate ultra-high vacuum (UHV) chambers, with base pressures of ≤ 2 × 10 -10 mbar. Benzene and toluene data were recorded in chamber (1) and xylene data were measured in chamber (2) . Each chamber is equipped with a closed-cycle helium refrigerator (SHI-APD) which allows the sample to be cooled to a base temperature of 25 K (chamber 1) or 30 K (chamber 2) as measured by an N-type or E-type thermocouple, respectively. A HOPG surface was used as a carbonaceous dust grain model in both cases. The HOPG surface was cleaned before each experiment by annealing to 250 K and surface cleanliness was confirmed by the absence of any desorption products in TPD experiments with no dose.
Benzene (Sigma Aldrich, purity 99.9%), toluene (Sigma Aldrich, purity 99.9%), p-xylene (Sigma Aldrich, purity 99.5%) and o-xylene (Sigma Aldrich, purity 99.5%) were purified by repeated freeze-pump-thaw cycles. Ices were grown on the HOPG surface via background deposition using high-precision leak valves. All exposures are given in Langmuir (Lm) where 1 Lm = 10 -6 mbar s. Despite differences between the chambers, calculations show that similar exposures in both chambers give comparable coverages of the adsorbates on the HOPG surface. To confirm this, it was necessary to convert exposure in Lm to coverage to allow a comparison between the data for each molecule. The coverage of each molecule in monolayers (ML) has been estimated by calculating the number of molecules on the surface for a given exposure, and comparing the size of an individual molecule to the density of the HOPG surface.
TPD experiments in both chambers were carried out using a linear heating rate of 0.50 ± 0.01 K s -1 , controlled by a Eurotherm 2408 interface. Desorbing gas phase species were monitored using either a HAL 201/PIC (chamber 1) or HAL 301/PIC (chamber 2) quadrupole mass spectrometer (Hiden Analytical). A range of masses was monitored for each molecule and all fragments exhibited the same behaviour. The most intense fragments are shown in the TPD spectra reported here: m/z 78 for benzene and m/z 91 for toluene, p-xylene and o-xylene. Both chambers were equipped with a Thermo-Nicolet FTIR spectrometer coupled to a liquid nitrogen cooled mercury cadmium telluride detector, which allowed RAIRS data to be recorded. Typically, a spectrum comprises the co-addition of 256 scans. A resolution of 2 cm -1 was used for xylene experiments, and 4 cm -1 for the benzene and toluene experiments. Lower resolution was used for the benzene and toluene experiments to give a better signal to noise ratio. RAIRS annealing experiments were carried out by raising the sample to the target temperature, holding for 3 minutes and then allowing the sample to cool down to base temperature before recording a spectrum. All experiments were repeated multiple times to ensure reproducibility.
Results and discussion

RAIRS data
The RAIR spectra of pure ices of 100 Lm of benzene, toluene, p-xylene and o-xylene adsorbed on HOPG between 25 and 30 K are shown in figure 2 . For clarity the spectra have been split into three spectral regions which have different band intensities. All four molecules have common modes, although fewer modes are observed for benzene due to its simpler structure. The vibrational modes of the four molecules are detailed in tables 1 to 4, with assignments given by comparison with the literature. 39, 42, 43, [46] [47] [48] [49] [50] 
Figure 2. RAIR spectra of 100 Lm benzene, toluene, p-xylene and o-xylene adsorbed on HOPG at 25 -
K. (A) shows the region between 3150 and 2850 cm -1 , (B) shows the region between 1650 and 1370 cm -1 and (C) shows the region between 1150 and 970 cm -1 .
In the high wavenumber region, figure 2A , the aromatic CH stretching mode is observed at 3090 cm -1 for benzene (see tables 1-4 for assignments). It is redshifted to 3050 cm -1 in p-xylene and to 3026 cm -1 in toluene. This mode is not observed in o-xylene at base temperature, but appears after annealing to 120 K (see later). This is probably due to structural rearrangements in the o-xylene ice making this figure 2B , only one band is observed for benzene, at 1479 cm -1 . This corresponds to the aromatic C=C stretching mode and is the most intense band observed at base temperature. Aromatic C=C stretching modes are also observed for toluene, p-xylene and oxylene at slightly higher wavenumbers, 1486 to 1605 cm -1 . Methyl deformation and combination bands are also observed for toluene, p-xylene and o-xylene in figure 2B . Figure 2C shows CH in-plane deformations for each molecule between 1036 and 1121 cm -1 . Methyl rocking modes are also observed for toluene and the xylene isomers between 986 and 1041 cm -1 .
Annealing experiments were also performed to investigate the thermal ordering of the ices. Spectra were recorded at 10 K intervals from base temperature until all the ice desorbed from the HOPG surface. A range of exposures were studied for each molecule using RAIRS, and similar trends were observed for all exposures of benzene, toluene and o-xylene. However, for p-xylene exposure dependent differences were observed, discussed below. Figure 3 shows RAIR spectra for 100 Lm benzene adsorbed on HOPG at 25 K and annealed to various temperatures. Table 1 gives the band assignments and their observed splitting with increasing temperature. No changes were observed in the spectra between 25 and 70 K. At 90 K several changes are observed. The aromatic CH stretch at 3090 cm -1 begins to split into two peaks, at 3091 and 3085 cm -1 , which become clearly defined at 110 K. Simultaneously the combination band at 3034 cm -1 starts to split at 90 K, leading to the formation of two distinct bands at 100 K, at 3037 and 3030 cm -1 . The aromatic C=C stretching mode at 1479 cm -1 doubles in intensity between 90 and 110 K. The band at 1036 cm -1 initially begins to broaden at 80 K, and then splits into two peaks, at 1040 and 1034 cm -1 at 110 K. All bands decrease in intensity at 130 K due to benzene desorption. By 140 K benzene has completely desorbed, in agreement with the TPD data described below. annealed. 51 A phase change has been observed for benzene adsorbed at 25 K on graphene coated Pt(111), 52 and at 45 K on Ru(001). 22 The coverage dependence of the crystallisation was also studied previously, with thicker films crystallising at lower temperatures. 22, 53 Previous studies of the structure of multilayer crystalline benzene on Ru(001) show that it is oriented tilted on the surface. 22, 23 This structural arrangement has also been demonstrated using neutron diffraction studies, which show a herringbone crystal packing. 54 It is likely that the same benzene crystal structure is formed here. These are the bands at 3013, 1607 and 996 cm -1 , which are assigned to the CH aromatic stretch, the C=C aromatic stretch and a CH3 rocking mode respectively. Most of the bands in figure 4 also show an increase in intensity following annealing to 120 K, and continue to grow until 130 K. No further changes in the spectra occur at 140 K, and at 150 K desorption of o-xylene is complete. As for benzene, the changes observed in the RAIR spectra in figure 4 on annealing of o-xylene, i.e. increases in peak intensity and peak shifts, are attributed to structural changes and ordering within the ice. Neutron diffraction studies have suggested that crystal packing effects in o-xylene induce a high degree of strain in the phenyl ring. 56 The same study also discussed the potential for aromatic hydrogen bonding. It is likely that the same structural ordering of o-xylene occurs here on HOPG and hence the spectral changes observed in figure 4 are assigned to the crystallisation of o-xylene. Figure 5 shows the RAIR annealing spectra of 100 Lm p-xylene adsorbed on HOPG at 30 K and table 3 shows the assignments for the bands observed in this figure. Like o-xylene, these spectra also show the growth in intensity of several bands as the annealing temperature is increased. Changes in the spectra in figure 5 are first observed at 100 and 110 K. Between 100 K and 130 K, the aromatic C=C stretching mode at 1517 cm -1 exhibits a large increase in intensity. At the same time, the peak shifts slightly to 1519 cm -1 and develops a high wavenumber shoulder at 1540 cm -1 . A small low wavenumber peak also appears at 1513 cm -1 . Shifts, detailed in table 3, and increases in intensity are also observed for the asymmetric CH3 deformation band at 1464 cm -1 , the CH in-plane ring bending mode at 1121 cm -1 , and the CH3 rocking mode at 1041 cm -1 . In the high wavenumber region (figure 5A), the bands at 3021 and 2999 cm -1 begin to grow at 100 K. All of the bands between 3050 and 2950 cm -1 grow between 100 and 140 K. All of the bands seen in figure 5 reach their maximum intensity at 140 K and at 150 K, p-xylene begins to desorb. All of the p-xylene has desorbed by 160 K, in agreement with TPD data (shown later). RAIR spectra for lower exposures of p-xylene (not shown) are the same at base temperature. However, annealing lower exposures of p-xylene shows differences when compared to the spectra seen in figure   5 . RAIR spectra observed for 50 Lm p-xylene following annealing are shown in figure S1 in the supplementary material. These spectra do not show the same temperature dependent changes as seen in figure 5 , and show different ratios of band intensities across the spectra as the sample is annealed.
The exposure and temperature dependent changes observed in the RAIR spectra of p-xylene ( figure 5 and figure S1) indicate that several different processes are happening within the ice. Initial effects, seen for all bands and all exposures when the ice is annealed to 110 K and above, are attributed to ordering of the ice. For exposures less than 50 Lm, the RAIR spectra do not change on annealing above 110 K (figure S1), and therefore the ice desorbs in the ordered state. For exposures of 100 Lm and 13 above (figure 5), further changes are observed in the spectra following annealing to above 110 K.
These further changes are assigned to complete crystallisation of the p-xylene ice before desorption.
For exposures of p-xylene between 50 and 100 Lm the phase change only occurs when the ice is annealed to 150 K, as evidenced by a high temperature shoulder in the TPD spectra at these exposures (see later), showing that the phase changes occurs during desorption.
Experiments were also conducted for p-xylene adsorbed on HOPG at 120 K, for several exposures between 30 and 150 Lm. RAIR spectra of these ices recorded at base temperature without further annealing (not shown), show the same features as observed in the spectra for 100 Lm p-xylene at 110 K ( figure 5 ). TPD traces from these experiments, discussed later, show only one peak with a higher desorption temperature. This indicates that when the ices are adsorbed at 120 K the phase change occurs regardless of the exposure. These results suggest that there is a barrier to forming crystalline p-xylene, and this is only overcome when either the exposure or the deposition temperature is sufficiently high. Exposure and temperature dependent crystallisation have also been observed for benzene 22 and thiophene. 57 This effect has not previously been observed for p-xylene. The crystal structure of p-xylene has been examined using neutron powder diffraction at 4.5 K. 58 A herringbone crystal packing, similar to benzene, has been observed for p-xylene. Hence, it is likely that p-xylene adopts this same crystal structure when adsorbed on the HOPG surface and annealed.
Annealing experiments were also conducted for toluene ices, as shown in figure S2 in the supplementary information. Very few changes were observed when compared to the base temperature toluene spectra seen in figure 2 . The assignments of the toluene bands in figure 2 and figure S2 are detailed in table 4. All bands decrease in intensity following annealing to 130 K due to toluene beginning to desorb from the surface, and by 140 K it has completely desorbed. These observations are in agreement with TPD data (shown later) that show that multilayer toluene desorbs from the HOPG surface around 140 K. The lack of changes observed in the toluene RAIR spectra following annealing suggests that very little structural rearrangement of the molecules occurs upon heating. This is in contrast to the other molecules, which all show a dramatic change in the observed infrared bands upon annealing. This is also in contrast to the work of Coats et al., who observed reorientation of multilayer toluene on Ni(111) when annealed to 132 K. 42 Previous work examining the glass transition temperature of toluene on Ni, using a heating rate of 5 K min -1 , found that it crystallises at 147 K. 59 The crystallisation temperature in both of these studies 42, 59 is close to the desorption temperature observed in the experiments described here. It is hence likely that due to the higher heating rate used in our study, crystallisation does not occur before toluene desorbs. The lack of ordering and crystallisation observed for toluene may explain why the desorption temperature is not higher than that of benzene, despite toluene being a slightly larger molecule.
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TPD data
The thermal desorption behaviour of low exposures (≤ 20 Lm) of benzene, toluene, p-xylene and oxylene adsorbed on HOPG between 25 and 30 K is shown in figure 6 . It can clearly be seen that the desorption of the four molecules is different at these exposures. Benzene and toluene behave similarly, however the xylene isomers show very different behaviour. behaviour at these exposures, as seen in figure 6 , with a very broad peak spanning a temperature range of over 40 K. As the exposure increases the desorption temperature decreases; for benzene the peak temperature changes from 164 K at 0.3 Lm to 132 K at 10 Lm, a difference of 32 K. For toluene this change is not as dramatic, with a desorption temperature of 158 K at 3 Lm to 139 K at 25 Lm.
Concurrent with a decrease in desorption temperature, the peak shape also changes with increasing exposure. Initially, at exposures less than 3 Lm, it is almost symmetrical, however as the exposure is increased it develops into an asymmetric shape with a steeper leading edge and broad trailing edge extending to the same high temperatures as the lowest exposures.
Previous studies of benzene on amorphous silica (SiO2), 30, 31 Cu(111), 25 graphene/Cu and graphene/SiO2 32 have yielded similar TPD traces, with decreasing desorption temperature as the exposure increases, and extended trailing edges. The broad peak shape and decrease in desorption temperature have previously been attributed to repulsive lateral interactions between the adsorbed molecules on the surface. 25, 32 Although benzene is apolar, the π-electron cloud can become polarised upon adsorption, leading to repulsions between molecules. In agreement with the observations in the literature 25,30-32 we assign the decreasing peak temperature, seen in figure 6 for both benzene and toluene, to the presence of repulsions between the adsorbed molecules. The same behaviour has also been observed for other nonpolar molecules, such as alkanes, both experimentally and in Monte Carlo simulations. [60] [61] [62] The behaviour of the xylene isomers on HOPG at low exposures is noticeably different compared to benzene and toluene, as seen in figure 6 . TPD traces for p-xylene show a single narrow symmetrical peak with a constant desorption temperature of 155 K, for exposures from 5 to 15 Lm. This feature is assigned to the desorption of physisorbed monolayer p-xylene, which is characterised by TPD spectra, of increasing exposure, that have a constant peak temperature and do not share leading edges. The desorption order, shown in table 5, is first order, confirming the assignment to monolayer desorption.
Low exposures of o-xylene on HOPG, give TPD spectra (figure 6) different to those of the other three molecules. At the lowest exposures, 5 and 10 Lm, a single peak, with non-shared leading edges, is observed at 150 K. This feature also has an elongated trailing edge, although it is not as extreme as the trailing edge observed for benzene and toluene. With increasing exposure a second peak grows into the spectrum at 156 K (15 Lm). The traces for 15 and 20 Lm share leading edges which are shifted to a slightly higher temperature than the lower exposures. The initial peak observed at 5 and 10 Lm is assigned to desorption of monolayer o-xylene. The peak that appears at 15 Lm could be due to the growth of a bilayer. Bilayers have also been observed in the TPD spectra of methyl formate 51 and ethanol. 63 If this assignment is correct, then it suggests that o-xylene does not wet the surface and instead forms islands. These would take the form firstly of 2-dimensional monolayer islands and then 3-dimensional monolayer and bilayer clusters.
As well as observing qualitative affects in TPD, the data can also be used to give kinetic parameters for desorption, including the desorption order, energy and pre-exponential factor. The desorption kinetic parameters for monolayer p-xylene ( figure 6 ) have been calculated using leading edge analysis. This methodology is explained in detail elsewhere 64 and has been shown to provide good results for many molecules. 51, 65 Using leading edge analysis, a desorption order for monolayer p-xylene of 0.92 ± 0.09 and a desorption energy of 51.0 ± 4.5 kJ mol -1 were determined, as shown in table 5. The preexponential factor was calculated to be 3.1 × 10 17 ± 0.9 s -1 (first order units are used for simplicity).
Typical pre-exponential factors for first order desorption are of the order of 10 13 s -1 64 and hence the pre-exponential factor obtained for p-xylene is larger than expected. This is most likely due to p-xylene being a relatively large molecule and therefore having greater differences in the molecular degrees of freedom in the adsorbed and desorbed states. 28, 66, 67 A previous DFT study calculated the adsorption energy of p-xylene on graphene to be between 53.1 and 71.3 kJ mol -1 dependent on the position, orientation and calculation used. 45 Our calculated value for monolayer p-xylene fits well within this range.
Table 5. Desorption kinetic parameters for monolayer ices of benzene, toluene, p-xylene and o-xylene
adsorbed on HOPG at 25 -30 K. p-xylene parameters were calculated using leading edge analysis.
Desorption orders and pre-exponential factors for benzene, toluene and o-xylene are assumed and desorption energies are calculated using Kinetiscope. A range of desorption energies are given for benzene and toluene, see figure 7 . First order units are used for the pre-exponential factor for simplicity.
Desorption order (n) Desorption energy (Edes) / kJ mol -1
Pre-exponential factor (ν) / s -1 Benzene Due to the decreasing peak temperature for benzene and toluene, and the two peaks observed for oxylene in figure 6 , it is not possible to use leading edge analysis for these molecules. Hence to determine kinetic parameters for monolayer benzene, toluene and o-xylene desorption from HOPG the kinetics simulation program Kinetiscope (http://www.hinsberg.net/kinetiscope) was used. For the quantitative analysis of benzene and toluene, first order desorption (n=1) was assumed with a preexponential factor of 10 13 s -1 , based on the method used by Thrower et al. 30 This method oversimplifies the desorption processes, but gives a good approximation of the kinetic parameters. Using these values, desorption profiles were simulated in Kinetiscope to give estimated desorption energies. These derived profiles were then compared with the experimental TPD traces to find the best fits (see figure   S3 for an example of the fit quality) for the desorption energy for each exposure (0.3 -15 Lm for benzene, 3 -25 Lm for toluene). Figure 7 shows the desorption energies of sub-monolayer benzene and toluene as a function of exposure determined using this method. It can clearly be seen that the desorption energy is dependent on the exposure and decreases as the exposure increases. The figure 6 . Error bars result from the variation in pre-exponential factor in the simulations.
Our results are in excellent agreement with data reported in the literature. Desorption energies for low exposures of benzene on amorphous silica range from 52 kJ mol -1 (for the lowest exposures) to 39.5 kJ mol -1 . 30 For graphene covered supports, a coverage-dependent binding energy for benzene has been observed ranging from 53 to 36 kJ mol -1 ; this is also dependent on the support, with graphene/Ru(001) having the highest energies and graphene/SiO2 the lowest. 32, 33 Other studies do not show a coverage dependent desorption energy, however they still give values within the range determined in this study. These include the desorption of monolayer benzene from HOPG with a desorption energy of 48 ± 8 kJ mol -1 , 27 and from graphene covered Pt(111), 54 ± 3 kJ mol -1 . 28 To the best of our knowledge, only one study has previously determined an experimental value for the desorption energy of monolayer toluene. A value of 68 ± 7 kJ mol -1 for toluene desorption from HOPG 20 was obtained using Redhead analysis. 26 This is much larger than the value determined here and it is most likely that this is due both to the higher desorption temperature, 179 K, that they observed for monolayer toluene and the higher value of their pre-exponential factor (10 19±2 s -1 ). 26 Kinetiscope was also used to simulate desorption profiles for monolayer o-xylene, with the resulting fits being of similar quality to those shown in figure S3 for benzene and toluene. Desorption orders and pre-exponential factors were varied in order to provide errors on the value of the desorption energy. Varying the pre-exponential factor by an order of magnitude or the desorption order by 0.1 gave energy differences of 2.8 kJ mol -1 and 4.5 kJ mol -1 respectively, as seen in table 5. The best fit values gave a desorption order of 0.9, desorption energy of 49.8 kJ mol -1 and a pre-exponential factor of 1 × 10 16 s -1 . This desorption energy is 1.2 kJ mol -1 lower than that for monolayer p-xylene (table 5) , which is reasonable given the slightly lower desorption temperature of o-xylene. The simulated desorption energy given in table 5 is slightly smaller than a DFT calculation of the adsorption energy of o-xylene on graphene, 57.1 kJ mol -1 . 45 The pre-exponential factor for o-xylene is of the same order of magnitude as that determined for p-xylene. This is an appropriate value given the relatively large size of o-xylene. figure S4 in the supplementary material) . This behaviour is characteristic of zero order desorption kinetics and multilayer desorption. In the RAIRS experiments described earlier, it was observed that benzene crystallises at 100 K. Therefore the TPD spectra in figure 8 show the desorption of multilayer crystalline benzene. Lm. However, the peak shape is asymmetric and has an elongated trailing edge, similar to its behaviour at lower exposures. The desorption temperature is comparable to benzene at the same exposures, 22 and is 139 K at 70 Lm. A continuation of multilayer desorption behaviour is observed for higher exposures, shown in figure S4 . As no changes indicating ordering or crystallisation were observed in the annealing RAIR spectra for toluene, the TPD traces shown in figure 8 are assigned to the desorption of amorphous multilayer toluene.
The TPD traces of p-xylene between 15 and 40 Lm, shown in figure 8, consist of a single peak. These traces share leading edges and show a steady increase in desorption temperature with increasing exposure, from 156 K at 15 Lm to 160 K at 40 Lm. This peak can be assigned to the desorption of multilayer p-xylene. Between 50 and 70 Lm a high temperature shoulder appears on the TPD peak.
Deviations from a single multilayer peak, such as shoulders on the TPD trace, have been observed for several molecules, including water, 68 TPD data were also recorded for p-xylene adsorbed at 120 K. These TPD traces (figure S5 in the supplementary information) display single peak multilayer spectra without a shoulder, with a desorption temperature 2 K higher than the ices adsorbed at 30 K. This corresponds to the desorption temperature of the high temperature shoulder in figure 8 figure 6 , up to 50 Lm. This behaviour has tentatively been assigned to bilayer formation. The high temperature peak is dominant and grows at a greater rate than the low temperature peak. For exposures of 60 Lm and above, only the high temperature peak is observed. This peak increases in temperature with exposure, reaching 161 K at 70 Lm, and is similar to the desorption temperature of ordered multilayer p-xylene. Figure S4 , in the supplementary material, shows the continuation of multilayer desorption behaviour for higher exposures up to 150 Lm. This high temperature peak is hence attributed to the desorption of multilayer crystalline o-xylene, as confirmed with RAIRS.
Quantitative analysis of the multilayer TPD spectra shown in figure 8 and figure S4 has also been performed using the leading edge methodology. Multilayer kinetic parameters for all four molecules on HOPG are given in table 6. These are the values for crystalline benzene, p-xylene and o-xylene, and amorphous toluene. As for the desorption temperatures, the desorption energies increase in the order benzene, toluene, o-xylene and finally p-xylene. These also show the same pairings; benzene and toluene have desorption energies of 45.5 and 47.6 kJ mol -1 respectively, and then there is a gap of almost 10 kJ mol -1 to the xylene isomers, 56.8 and 59.5 kJ mol -1 for o-xylene and p-xylene, respectively.
The multilayer desorption energies for p-xylene and o-xylene, table 6, are higher than their equivalent monolayer desorption energies, shown in table 5. This is to be expected as the multilayer desorption temperatures are higher than their monolayer desorption temperatures. The determined desorption energies are in good agreement with enthalpies of sublimation reported in the literature. For benzene this value ranges from approximately 43 to 47 kJ mol -1 . 69 Other reported values for the enthalpy of sublimation are 43.1 kJ mol -1 for toluene, 70 Previously reported values for the desorption energy of multilayer benzene from a range of surfaces are comparable with our calculated energy. These include desorption energies of 46.6 ± 0.8 kJ mol -1 from SiO2, 30 48.5 ± 3.0 kJ mol -1 from Ru(001), 23 and 41.4 ± 0.9 kJ mol -1 from Cu(111). 25 Ulbricht et al.
derived a value of 44 ± 7 kJ mol -1 for the desorption of multilayers of benzene from graphite, 26 although they assumed first order desorption kinetics, even for the multilayer. There are fewer experimental values for the desorption energy of multilayer toluene. In the same study by Ulbricht et al., a value of 54 ± 6 kJ mol -1 for the desorption energy of multilayer toluene from graphite was derived. 26 This is higher than the desorption energy obtained in this work, although it does fit within the errors. To the best of our knowledge there are no experimental or theoretical literature desorption energy values for xylene isomers.
The desorption order expected for multilayers is zero, however for each of the molecules it is slightly elevated, from 0.14 for p-xylene to 0.37 for toluene, table 6. Fractional order desorption kinetics are also expected from the observation of non-coincident leading edges in the TPD spectra. This is especially clear for toluene in figure 8 . As seen in table 6, the pre-exponential factor varies between 10 27 and 10 31 molecules cm -2 s -1 for toluene and p-xylene respectively. These values are typical for zero-order processes. There is a compensatory effect observed between the desorption order and pre-exponential factor, with a higher order resulting in a lower pre-exponential factor, and vice versa.
A previously reported value for the pre-exponential factor of multilayer benzene is 10 29.7 ± 1.0 molecules cm -2 s -1 , 30 in very good agreement with our value of 2.6 × 10 29 molecules cm -2 s -1 .
Comparison of the molecules
The results discussed above show how a small change in the molecular size can have a large impact on the desorption behaviour of small aromatic molecules. The addition of methyl groups affects both the polarity and the size of the molecule. At low exposures of benzene, repulsive intermolecular interactions are dominant. As described above, this is assigned to the polarisation of the π-electron cloud when it is adsorbed on the surface. It is observed that the addition of a methyl group to the benzene ring, forming toluene, results in similar desorption behaviour to benzene. The dipole moment of toluene does not seem to affect its behaviour at low exposures. However, when two methyl groups are attached to the benzene ring, forming xylene, a completely different behaviour is observed, which is also dependent on the relative positions of the methyl groups. p-xylene, which is apolar, shows wellbehaved first order desorption kinetics. As evidenced by the high desorption energy, it also binds strongly to the HOPG surface, possibly overcoming any repulsive interactions that might exist.
Conversely, o-xylene, which has the largest dipole moment of the molecules in this study, exhibits islanding and bilayer formation, albeit at a similar temperature and desorption energy to p-xylene.
The differences between the monolayer behaviour of the xylene isomers shows that the contribution of the dipole moment is important.
The behaviour observed for multilayer exposures is in contrast to that for monolayer exposures. TPD data show that only the size of the molecule has an effect on the desorption behaviour, with the larger molecules, p-xylene and o-xylene, desorbing at higher temperatures with higher desorption energies.
This size effect has also been observed previously for the thermal desorption of a series of n-alkanes from graphite. 73 RAIRS data are complementary to the TPD data and provide details on the ordering of the ice. The two apolar molecules, benzene and p-xylene, desorb as multilayer crystalline ices. They 26 are both thought to form a herringbone crystal structure. Multilayer o-xylene also desorbs as a crystalline ice, however, multilayer toluene desorbs as an amorphous ice.
Conclusions
In this paper we have reported a comparative study of the desorption behaviour of benzene, toluene p-xylene and o-xylene adsorbed on HOPG at ≤ 30 K. At the lower exposures studied, where monolayer desorption is observed, the interactions between adsorbates are dependent on their size, polarisability and dipole moment. Benzene and toluene behave similarly with repulsive adsorbateadsorbate interactions, whereas the xylene isomers behave differently. This is due to their larger size, and interaction with the HOPG surface, outweighing any polarisation effects. The desorption temperatures for the multilayer systems are affected more by molecular size, with the xylene isomers desorbing approximately 20 K higher than benzene and toluene. RAIRS data show that benzene, pxylene and o-xylene form crystalline structures as they are annealed to higher temperatures. This is in contrast to toluene which does not show any signs of ordering. This may explain why the desorption temperature of toluene is similar to benzene. p-xylene also shows an inhibition to forming a full crystalline state dependent on the exposure and adsorption temperature.
Desorption energies have been calculated for all four molecules for both monolayer and multilayer systems. The monolayer desorption energy for benzene and toluene is dependent on the exposure, decreasing as the exposure increases. Multilayer desorption energies increase with molecular size, in the order benzene, toluene, o-xylene, p-xylene.
Supplementary Material
See supplementary material for figures S1 -S5. Figure S1 -RAIR spectra showing the effects of sequential annealing of a 50 Lm exposure of p-xylene adsorbed on HOPG at 30 K. Figure S2 -RAIR spectra showing the adsorption of a 100 Lm exposure of toluene adsorbed on HOPG at 25 K, and after annealing to 70 K. Figure S3 -Comparison of experimental and simulated TPD spectra for low exposures of benzene and toluene. Figure S4 -TPD spectra of multilayer exposures (2.8 to 8 ML) of benzene, toluene, p-xylene and o-xylene adsorbed on HOPG at 25 -30 K. Figure S5 -TPD spectra of multilayer exposures of p-xylene, dosed on HOPG at 120 K.
